Inorganic arsenic is a human carcinogen associated with several types of cancers, including liver cancer. Inorganic arsenic has been postulated to target stem cells, causing their oncogenic transformation. This is proposed to be one of the key events in arsenic-associated carcinogenesis; however, the underlying mechanisms for this process remain largely unknown. To address this question, human hepatic HepaRG cells, at progenitor and differentiated states, were continuously treated with a noncytotoxic concentration of 1 lM sodium arsenite (NaAsO 2 ). The HepaRG cells demonstrated active intracellular arsenite metabolism that shared important characteristic with primary human hepatocytes. Treatment of proliferating progenitor-like HepaRG cells with NaAsO 2 inhibited their differentiation into mature hepatocyte-like cells, up-regulated genes involved in cell growth, proliferation, and survival, and down-regulated genes involved in cell death. In contrast, treatment of differentiated hepatocyte-like HepaRG cells with NaAsO 2 resulted in enhanced cell death of mature hepatocyte-like cells, overexpression of cell death-related genes, and down-regulation of genes in the cell proliferation pathway, while biliary-like cells remained largely unaffected. Mechanistically, the cytotoxic effect of arsenic on mature hepatocyte-like HepaRG cells may be attributed to arsenic-induced dysregulation of cellular iron metabolism. The inhibitory effect of NaAsO 2 on the differentiation of progenitor cells, the resistance of biliary-like cells to cell death, and the enhanced cell death of functional hepatocyte-like cells resulted in stem-cell activation. These effects favored the proliferation of liver progenitor cells that can serve as a source of initiation and driving force of arsenic-mediated liver carcinogenesis.
pathological states (Hughes et al., 2011; IARC Monographs, 1980 , 2012 , and is major public health concern worldwide (Naujokas et al., 2013) . Inorganic arsenic was one of the earliest identified human carcinogens, the exposure to which may cause skin, lung, bladder, and liver cancers (Choiniere and Wang 2016; Garc ıa-Esquinas et al., 2013; IARC Monographs, 1980 , 2012 Liaw et al., 2008; Wang et al., 2014) . The carcinogenic effect of inorganic arsenic has also been demonstrated in animal studies (IARC Monographs, 2004 , 2012 Tokar et al., 2010a; Wanibuchi et al., 2004) . The most convincing evidence of arsenic carcinogenicity in animals was obtained in a "whole-life" arsenic exposure study that demonstrated the induction of a broad range of tumors, including liver cancer, in CD1 mice exposed to arsenic from fetal through adult life stages (Tokar et al., 2011a; Waalkes et al., 2014) .
Despite strong evidence for the carcinogenicity of inorganic arsenic, the molecular mechanisms associated with arsenic carcinogenicity, including liver cancer, remained poorly understood and a subject of debate. Several mechanisms, eg, induction of oxidative stress, disruption of signaling pathways, and epigenetic alterations, have been proposed to explain arsenic carcinogenicity (Ghatak et al., 2011; Meakin et al., 2017; Ren et al., 2010) . One of the hypotheses for the tumorigenicity of arsenic focuses on its ability to target stem cells, causing the formation of a cancer-cell phenotype in vitro and in vivo (Tokar et al., 2010a (Tokar et al., ,b, 2011b (Tokar et al., , 2013 . In particular, chronic exposure of rat kidney RIMM-18 stem/progenitor cells (Tokar et al., 2013) and human prostate WPE stem cells (Tokar et al., 2010b) to arsenic has been shown to induce a cancer phenotype in vitro. Additionally, Tokar et al. (2011a) showed that liver tumors in CD1 mice induced by "whole-life" arsenic exposure were highly enriched in cancer stem cells; however, the dose-response relationships and underlying mechanisms of arsenic effects on stem cells with respect to the carcinogenic process, in general, and liver carcinogenesis, in particular, remain largely unknown.
Based on these considerations, the goal of this study was to investigate cellular and molecular effects of continuous lowdose sodium arsenite (NaAsO 2 ) treatment on human hepatomaderived nontumorigenic HepaRG cells (van Wenum et al., 2017) , the first human liver progenitor cell line able to differentiate into hepatocyte-like and biliary-like cells (Cerec et al., 2007 ) and a unique model for investigating basic liver differentiation and carcinogenesis (Parent et al., 2004) .
MATERIALS AND METHODS
Cells and cell culture. The human progenitor hepatic HepaRG cell line was obtained from the Biopredic International (Overland Park, Kansas). The cells were maintained according to the manufacturer's recommendations. Briefly, the cells were seeded at a density of 1.3 Â 10 4 cells/cm 2 in 100 mm dishes and maintained in William's E medium (Thermo Fisher Scientific, Waltham, Massachussets) supplemented with growth additives for HepaRG cells (Biopredic International) for 14 days. The cells were then differentiated by adding a differentiation supplement (Biopredic International) for an additional 14 days. The medium was changed every other day.
Toxicity testing. In an initial short-term cytotoxicity experiment, HepaRG cells, 28 days after seeding, were treated with 0, 0.5, 1, 5, 20, 40, 80, or 200 mM NaAsO 2 (Sigma-Aldrich, St Louis, Missouri). The NaAsO 2 was dissolved in distilled water and sterilized by filtration. After 72 h of incubation, cell viability was analyzed by a CellTiter-Glo 3D cell viability assay (Promega, Madison, Wisconsin) according to the manufacturer's protocol. The resulting dose-response curve was used to determine the IC 10 , the concentration required to produce 10% cell death (Supplementary Figure 1) . The toxicity testing assay was performed in triplicate.
In the main study, a concentration of 1 mM NaAsO 2 (75 ppb As), which was 3 times lower than the IC 10 , was selected for the treatment of HepaRG cells. A concentration of 1 mM NaAsO 2 (75 ppb As) is well within the range of naturally contaminated groundwater drinking sources, and is substantially lower than that in drinking water in several countries in the developing world with chronic arsenic toxicity problems (eg, Bangladesh, Chile, Taiwan), where the level of As can be in the parts per million range (ppm). A concentration of 1 mM is similar to the peak levels of total arsenic species (ie, arsenite þ metabolites) in livers of mice treated by gavage with 50 mg As/kg body weight (Twaddle et al., 2017) . Lactate dehydrogenase (LDH) release was quantified with a CytoTox-ONE Homogeneous Membrane Integrity assay (Promega) according to the manufacturer's protocol.
Treatment of HepaRG cells with NaAsO 2 . The study design, treatment of HepaRG cells with NaAsO 2 and sample collection are summarized in Figure 1 . Briefly, in experiment 1, 3 days after the initial seeding, 1 lM NaAsO 2 was added to the media. The cells were maintained in the NaAsO 2 -containing growth media for an additional 11 days, and then in the NaAsO 2 -containing differentiation media an additional 14 days. On the 28th day after the initial seeding, cells were harvested by mild trypsinization, washed in phosphate-buffered saline (PBS), and frozen immediately at À80 C for subsequent analyses.
In experiment 2, 14 days after the initial seeding, 1 lM NaAsO 2 was added to the differentiation media and the cells were maintained in the NaAsO 2 -containing media for an additional 14 days. On the 28th day from the beginning of the study, cells were harvested by mild trypsinization, washed in PBS, and frozen immediately at À80 C for subsequent analyses.
In experiment 3, 28 days after the initial seeding, the terminally differentiated cells were treated continuously with 1 lM NaAsO 2 for an additional 14 days. The cells were then harvested by mild trypsinization, washed in PBS, and frozen immediately at À80 C for subsequent analyses. (Naranmandura et al., 2006) , and subtracting the respective measurements before oxidation. Specifically, cell pellets (750 000 cells) were resuspended in 500 ml 10 mM ammonium phosphate buffer (pH 8.25) in 2.0 ml Eppendorf centrifuge tubes, and a stainless steel ball was added. The tubes were placed in a reciprocating sample disruptor (TissueLyser II, Qiagen, Hilden, Germany) and operated at 30 Hz for 3 min. The tubes were then placed in a waterfilled sonicator for 10 min. After sonication, two 200 ml aliquots were taken for analysis. One aliquot was diluted with 200 ml 10 mM ammonium phosphate buffer (pH 8.25), while the other aliquot was treated with 200 ml 30% H 2 O 2 at room temperature for 5 min. The solutions were then transferred to a 30k MWCO filter (EMD Millipore, Darmstadt, Germany) and centrifuged at 14 000 Â g for 15 min at 15 C. The filtrates were transferred to polypropylene vials for injection. Each sample (50 ml) was injected using an UltiMate 3000 LC system (Thermo Fisher Scientific) consisting of LC pump and autosampler. As V were separated with a mobile phase consisting of 98% 10 mM ammonium phosphate (pH 8.25) and 2% methanol (Thermo Fisher Scientific) at a flow rate of 1 ml/min through a Hamilton PRP-X100 LC column (4.1 Â 250 mm i.d., 10 mm particle size, Reno, Nevada) with a corresponding guard cartridge, at ambient temperature. A postcolumn addition of arsenate was introduced to the system through the use of an automated switching valve (Rheodyne/IDEX, Lake Forest, Illinois) to detect and correct for changes in instrument performance. A XSeries 2 ICP-MS (Thermo Fisher Scientific) equipped with a Peltier-cooled cyclonic spray chamber, quartz torch, platinum-tipped sample cone, and Xs-style skimmer cone was operated in the collision cell technology (CCT) mode (93% He/7% H 2 collision gas) with a kinetic energy discrimination barrier for the detection of As (m/z 75). The use of the collision cell and kinetic energy barrier mitigated any polyatomic interferences; however, m/z 77 (ArCl), 82 (Se), and 83 (Kr) were also monitored. PlasmaLab software (Thermo Fisher Scientific) was used to collect and quantify the data. Daily performance reports were generated to ensure that mass calibration and instrument performance were optimal. Quality control samples, consisting of buffer blanks, buffer blanks with H 2 O 2 , and As ) over a concentration range of 0-10 pg/ml. Typically, 3-5 concentrations were evaluated and correlation coefficients of > 0.999 were achieved. Standards of the individual arsenic species were adjusted to maintain a constant concentration of As, which was the basis for quantification.
Total RNA isolation and analysis of gene expression using microarray technology. Total RNA from control and NaAsO 2 -treated cells was isolated using miRNeasy Mini kits (Qiagen) according to the manufacturer's instructions. Gene expression profiles of control cells (n ¼3) and cells treated with NaAsO 2 (n ¼ 3 per experiment) were determined using Agilent whole genome 8x60K human microarrays (Agilent Technologies, Santa Clara, California). Sample labeling and microarray processing were performed as detailed in the "One-Color Microarray-Based Gene Expression Analysis" Version 5.5 (Agilent Technologies) protocol. The hybridized slides were scanned with an Agilent DNA Microarray Figure 1 . Diagrams of the experimental protocols. Control and NaAsO 2 -treated HepaRG cells NaAsO 2 were maintained in 14 days growth media for and then for additional 14-28 days in the differentiation media. In Experiment 1: Nondifferentiated HepaRG cells, 3 days after initial seeding, were continuously treated with 1 lM NaAsO2 for 25 days. The cells were collected after 28 days from initial seeding for the subsequent analyses. In Experiment 2: Nondifferentiated HepaRG cells, 14 days after the initial seeding, were treated with 1 lM NaAsO2 for additional 14 days. The cells were collected after 28 days from initial seeding for the subsequent analyses. In Experiment 3: Differentiated HepaRG cells, 28 days after the initial seeding, were treated with 1 lM NaAsO 2 for additional 14 days and then collected for subsequent analyses. Control HepaRG cells were maintained in NaAsO 2 -free media in all 3 Experiments.
scanner (Agilent Technologies) at 3 mm resolution. The resulting images were analyzed by determining the Cy3 fluorescence intensity of all gene spots (features) on each array using Agilent Feature Extraction Software (Version 11.5.1.1). The raw data were then uploaded into the ArrayTrack database (Fang et al., 2009) . The median fluorescence intensity of all pixels within one feature was taken as the intensity value for that feature. The raw intensity values were then normalized using 75 percentile channel scaling normalization within ArrayTrack. The lists of differentially expressed genes were generated using Benjamini-Hochberg adjusted p-values (Benjamini and Hochberg, 1995) to control the false discovery rate, with an adjusted p-value cut-off of .05, and a fold-change threshold of 1.5. The microarray gene expression data were deposited in the NCBI's Gene Expression Omnibus database (accession number GSE103873).
Functional analysis of differentially expressed genes. Ingenuity Pathway Analysis (IPA, version 33559992; Ingenuity Systems, Redwood City, California) was used to identify predicted (Z-score) clusters of biological functions across each experiment and to determine molecular network interaction among the differentially expressed genes with biological functions in each experiment.
Quantitative reverse transcription-PCR. The expression of the cytochrome P450 family 3 subfamily A member 4 (CYP3A4; assay ID Hs00604506_m1), transferrin (TF; assay ID Hs01067777_m1), transferrin receptor (TFRC; assay ID Hs00951083_m1), ferritin light chain (FTL; assay ID Hs00830226_gH), ferritin heavy chain 1 (FTH1; assay ID Hs01694011_s1), solute carrier family 40 member 1 (FPN1; assay ID Hs00205888_m1), prominin 1 (CD133; assay ID Hs01009250_m1), and miR-122 (assay ID 002245) was determined by quantitative reverse-transcription PCR (qRT-PCR) using the TaqMan gene expression assays (Life Technologies, Grand Island, New York). Each plate contained TaqMan gene expression assays for the experimental genes and a housekeeping b-actin (ACTB; assay Hs99999903_m1) gene or noncoding RNA RNU48 (assay ID 001006) as endogenous controls. The relative amount of each mRNA transcript and miR-122 was determined using the 2 ÀDDCt method (Schmittgen and Livak, 2008) .
Western blotting. Whole cell lysates containing equal quantities of proteins were separated by SDS-PAGE on 8% polyacrylamide gels and transferred to PVDF membranes. Membranes were probed with primary antibodies against caspase 3 (1:1000, Abcam, Cambridge, Massachusetts), caspase 8 (1:1000, Abcam), beclin 1 (BECN1; 1:1000, Cell Signalling Technology, Danvers, Massachusetts), LC3B (1:1000, Cell Signalling Technology), transferrin (TF; 1:500; Santa Cruz Biotechnology, Santa Cruz, California), and SRY (sex determining region Y)-box 9 (SOX9; 1:1000; Abcam). IRDye 800 conjugated secondary antigoat, antirabbit, and antimouse antibodies (1:15 000; LI-COR Biosciences, Lincoln, Nebraska) were used for visualization. Fluorescence was measured using the Odyssey CLx Infrared Imaging System (LI-COR Biosciences). IRDye 800 conjugated secondary antigoat, antirabbit, and antimouse antibodies (1:15 000; LI-COR Biosciences) were used for visualization. Fluorescence was measured using the Odyssey CLx Infrared Imaging System (LI-COR Biosciences). The images were quantified using ImageStudio 4.0 Software (LI-COR Biosciences). Equal protein loading was confirmed by immunostaining b-actin (ACTB; 1:1000; Sigma-Aldrich).
Analysis of iron content by ICP-MS. ICP-MS was used to measure the total iron content in control and NaAsO 2 -treated cells. 
RESULTS
Metabolism and Disposition of NaAsO 2 in HepaRG Cells LC/ICP-MS analyses were conducted to determine the ability of HepaRG cells to metabolize NaAsO 2 . The distribution and amount of metabolites in the cell pellets were similar in all of the Experiments (Figs. 2C, 3B , and 4D). In each case, the major unbound species was arsenite (As The Effect of NaAsO 2 on Nondifferentiated HepaRG Cells Progenitor HepaRG cells actively proliferate after seeding, reaching full confluence in 14 days and then, after adding differentiation media, the cells enter a differentiation program.
Twenty-eight days after the initial seeding, the HepaRG cells represent a mixed population of functional hepatocyte-like cells and progenitor/primitive biliary-like cells (Figure 2A ).
Continuous treatment of nondifferentiated progenitor-like HepaRG cells with 1 mM NaAsO 2 from day 3 to 28 (Experiment 1) impeded the differentiation program ( Figure 2B ). This was evidenced by an absence of the clusters of mature hepatocytelike cells in the NaAsO 2 -treated cells that were observed in the untreated control HepaRG cells. These morphological alterations were confirmed by a decreased expression of CYP3A4, TF, and miR-122 ( Figure 2D ), which are wellestablished markers of functional hepatocyte (Cardinale et al., 2011; Chaudhari et al., 2016; Doddapaneni et al., 2013) . Importantly, these arsenic-induced morphological and functional alterations were not associated with arsenic cytotoxicity, as evidenced by a lack of LDH release in the culturing media ( Figure 2E ). Furthermore the levels of pro-apoptotic proteins caspase 3 and caspase 8, and key autophagy-related proteins LC3B and BECN1 in progenitor HepaRG cells treated with 1 mM NaAsO 2 for 25 days did not differ from their levels in control cells (Supplementary Figure 3) . In Experiment 2, treatment of nondifferentiated HepaRG cells with 1 mM NaAsO 2 for 14 days, from day 14 to 28, resulted in cellular and molecular alterations similar to those observed in Experiment 1: an inhibition of the formation of mature hepatocyte clusters ( Figure 3A ) and reduced expression of CYP3A4, TF, and miR-122 ( Figure 3C ). There was a slight but significant increase of LDH release in NaAsO 2 -treated cells after 48 and 72 h of treatment ( Figure 3D) ; however, the levels of caspase 3, caspase 8, LC3B, and BECN1 proteins in progenitor HepaRG cells treated with 1 mM NaAsO 2 for 14 days did not differ from their levels in control cells (Supplementary Figure 3) .
The Effect of Sodium Arsenite on Differentiated HepaRG Cells
Terminally differentiated HepaRG cells consist of a mixture of progenitor biliary-like cells and clusters of mature functional hepatocyte-like cells ( Figure 4A ). Treatment of differentiated HepaRG cells with 1 mM NaAsO 2 for 14 days, from day 28 to 42 (Experiment 3), resulted in a marked reduction in the number and area of functional hepatocyte-like clusters ( Figure 4A ). These morphological alterations were accompanied by decreased levels of CYP3A4, TF, and miR-122 ( Figure 4B ). In contrast, in the untreated control HepaRG cells, the area of functional hepatocyte-like clusters ( Figure 4A ) and the expression of CYP3A4, TF, and miR-122 ( Figure 4B ) were increased from day 28 to day 42. Importantly, these arsenic-induced morphological and functional alterations in terminally differentiated HepaRG cells were accompanied by an increase in cell death. This was evidenced by a substantial release of LDH into the culture media ( Figure 4C) ; however, the levels of caspase 3, caspase 8, LC3B, and BECN1 proteins in the NaAsO 2 -treated cells did not differ from their levels in control cells (Supplementary  Figure 3) . 
Alteration of Gene Expression in NaAsO 2 -Treated HepaRG Cells
To determine the underlying molecular mechanisms of NaAsO 2 treatment-related effects, transcriptomic profiles of control and NaAsO 2 -treated HepaRG cells were investigated. Unsupervised hierarchical clustering of the gene expression data ( Figure 5A ) and principal component analysis utilizing the entire gene expression dataset ( Figure 5B ) showed that NaAsO 2 -treated cells could be distinguished from their respective untreated control cells by unique transcriptomic profiles, with the patterns of gene expression in NaAsO 2 -treated cells in Experiments 1 and 2 more closely related to each other than in Experiment 3.
Treatment of HepaRG cells with 1 mM NaAsO 2 resulted in profound alterations in gene expression. A total of 741, 637, and 1058 differentially expressed genes was found in NaAsO 2 -treated cells in the Experiments 1, 2, and 3, respectively ( Figure 5C , Supplementary Tables 1-3) . A detailed pathway analysis of these dysregulated genes demonstrated that all NaAsO 2 treatment groups shared a set of common molecular pathways characterized by a strong enrichment in genes associated with cell cycle, DNA replication and repair, cell death and survival, lipid, vitamin, mineral, energy, and drug metabolism, molecular transport, and inflammatory response; however, there was a striking difference in the trends of gene expression changes in these affected pathways ( Figure 5D ). In particular, while lipid, vitamin, mineral, and drug metabolism, molecular transport, and energy production pathways were inhibited and the inflammatory response pathway activated in all NaAsO 2 treatment groups, changes in cell cycle, DNA replication and repair, cell death, survival, and proliferation, were opposite in Experiment 3 as compared with those in Experiments 1 and 2. Specifically, the cell cycle, DNA replication and repair, and cell survival and proliferation pathways were activated in nondifferentiated cells treated with NaAsO 2 (Experiments 1 and 2; Figure 5D ). In contrast, in NaAsO 2 -treated differentiated cells (Experiment 3), these pathways were either inhibited (cell survival and cell proliferation) or not affected (cell cycle and DNA replication and repair).
The Effect of NaAsO 2 Treatment on Intracellular Iron of HepaRG Cells TF, in addition to its role as a key marker of functional hepatocytes (Chaudhari et al., 2016) , is also one of the main regulators of intracellular iron homeostasis (Chua et al., 2007; Lane et al., 2015) . In light of this, the effect of NaAsO 2 on the status of intracellular iron homeostasis was investigated. Figure 6 shows significant alteration in the status of the intracellular iron homeostasis in HepaRG cells treated with NaAsO 2 , characterized by altered expression of the iron metabolism-related genes, including TFRC, FTL, FTH1, and FPN1 (Panels A-C). The expression changes of TFRC, FTL, and FTH1 were similar in all NaAsO 2 -treated groups. In contrast, the magnitude of FPN1 overexpression, a gene that encodes the main iron exporter ferroportin, was substantially greater in NaAsO 2 -treated nondifferentiated cells compared with differentiated cells. This resulted in an elevation of the FPN1/TFRC ratio, a condition that favors an export of intracellular iron from nondifferentiated cells, but not from differentiated cells. Indeed, the level of intracellular iron in differentiated cells ( Figure 6C ) treated with arsenic was greater than in nondifferentiated cells (Figs. 6A and 6B) .
The observed alterations in the status of iron metabolism in NaAsO 2 -treated HepaRG cells were accompanied by significant changes in the expression of a number of genes associated with the iron-metabolic molecular pathway ( Figure 6D ). Among these genes, the overexpression of the HMOX1 was the most prominent. In NaAsO 2 -treated nondifferentiated HepaRG cells, the expression of HMOX1 was 7-to 9-fold greater than control cells and this was increased to 18-fold in NaAsO 2 -treated differentiated HepaRG cells ( Figure 6E ). These findings were confirmed further by immunostaining of the HMOX1 protein in NaAsO 2 -treated HepaRG cells, which showed a marked elevation of HMOX1 protein in functional hepatocyte-like clusters ( Figure 6F ).
DISCUSSION
Liver cancer is one of the most aggressive and deadly human cancers (Ferlay et al., 2015) . Arsenic was one of the earliest identified multisite, including liver (Wang et al., 2014) , human carcinogens (IARC Monographs, 1980 , 2012 ; however, there is insufficient knowledge to clarify the underlying molecular mechanisms of arsenic carcinogenicity.
This study describes some of the cellular and molecular manifestations of low-level arsenite exposure in the human HepaRG hepatic cell line at progenitor and differentiated states. The results show that the metabolism of arsenite in HepaRG cells shares many important characteristics with primary human hepatocytes (Drobn a et al., 2010) . S-Adenosylmethioninedependent methylation of arsenite as its triglutathione complex is predominately catalyzed by hepatic arsenite-3-methyltransferase (As3MT) (Dheeman et al., 2014) proteins are presumably the key events in toxicodynamic effects of inorganic arsenic relevant to the disease states associated with elevated arsenic intake in humans, including cardiovascular, metabolic diseases, and cancer. One of our main findings is that exposure of HepaRG cells to NaAsO 2 at a low concentration, which was well within the range of naturally contaminated groundwater drinking sources, exhibited differential effects on progenitor-like cells and mature cells. It is noteworthy that this concentration of arsenite and its metabolic methylation products are likely to be within the range achievable in liver and other target tissues through consumption of naturally contaminated groundwater drinking sources. This finding was also supported by the fact that treatment of nondifferentiated HepaRG cells with 1 mM NaAsO 2 inhibited their differentiation into the mature hepatocyte-like cells. This process was accompanied by up-regulation of genes involved in cell growth, proliferation, and survival, while the expression of genes involved in cell death was inhibited. In contrast, treatment of differentiated hepatocyte-like HepaRG cells resulted in overexpression of cell death-related genes and down-regulation of cell proliferation genes. These changes were accompanied by a marked decrease in the levels of the functional hepatocyte markers CYP3A4, TF, and miR-122, and diminished numbers of mature functional hepatocyte-like clusters, while biliary-like cells and their markers (eg, SOX9; Supplementary Figure 4A ) remained largely unaffected. Mechanistically, the cytotoxic effect of arsenic on mature hepatocyte-like HepaRG cells may be attributed, at least in part, to arsenic-induced dysregulation of cellular iron metabolism characterized by alterations favoring intracellular iron accumulation and pronounced elevation of HMOX1, an inducible form of heme oxygenase (Bauer and Bauer, 2002) . In general, a moderate over-expression of HMOX1 has a cytoprotective effect; however, an excessive up-regulation of HMOX1 may sensitize cells and exhibit enhanced cytotoxicity through intracellular iron accumulation and induction of oxidative and endoplasmic reticulum stress (Rebuzzini et al., 2015) .
The blocking effect of NaAsO 2 on the differentiation of progenitor-like HepaRG cells into the mature hepatocyte-like cells was accompanied by an inhibition of cell death. These findings are in correspondence with several previous reports that showed an inhibitory effect of inorganic arsenic on differentiation of human neural (Ivanov and Hei, 2013) and kidney (Tokar et al., 2013) stem cells and mouse embryonic stem cells (Rebuzzini et al., 2015) . The inhibitory effect of arsenic on the differentiation of progenitor-like HepaRG cells was accompanied by an apparent innate resistance to arsenic-associated cell death. A similar observation was reported by Tokar et al. (2013) , who showed the resistance of human prostate WPE stem cells to cytolethality induced by a long-term exposure to 5 lM sodium arsenite, which was followed by an acquisition of a malignant phenotype.
The blocking effect of NaAsO 2 on the differentiation of progenitor cells in functional hepatocytes and the resistance of progenitor and biliary-like cells to cell death in the environment of enhanced cell death of mature hepatocyte-like resulted in a selective enrichment of cholangiocytes, which are facultative liver stem cells (Raven et al., 2017) . Furthermore, treatment of HepaRG cells with NaAsO 2 , in all 3 Experiments, resulted in the over-expression of PROM1 (CD133) (Supplementary Figure 4B) , a critical liver cancer stem cell marker (Ma, 2013) . Importantly, it has been demonstrated that, in contrast to spontaneous tumors, arsenic-induced liver tumors in mice were enriched by cancer stem cells (Tokar et al., 2011a) .
In summary, the findings of the present study support the hypothesis that the hepatocarcinogenic activity of inorganic arsenic can be attributed to stem-cell activation via aberrant signaling caused by binding of reactive trivalent arsenic species derived through metabolism. This hypothesis is consistent with the well-documented concept that enhanced proliferation of liver progenitor and putative adult stem cells can be a source of initiation and a driving force in liver carcinogenesis (Marquardt et al., 2015) . Nevertheless, additional research is needed to determine whether or not exposure to low doses of inorganic arsenic in vivo will induce similar cellular alterations during primary liver carcinogenesis. The results of these studies may provide a basis for the developing of mechanism-based preventive strategies for arsenic-mediated liver cancer and arsenic-associated pathologies.
